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Abstract 

The  crystal  chemistry  of  the  Li4Si04-based  solid  solution  Li4+xBxSii_x04  is  presented.  Synthesis  was  carried  out  using 
LiOH  •  H20  or  Li2C03  as  starting  materials.  Stoichiometric  mixtures  with  0<x<0.7  were  fired  at  temperatures  ranging  from 
670  to  850  °C.  A  C02-free  atmosphere  is  required  to  avoid  the  presence  of  Li2C03  in  the  remaining  solid.  Small  amounts 
of  LiOH  are  detected  in  samples  prepared  from  LiOH-H20.  The  solubility  of  boron  in  the  solid  solution  is  also  discussed 
in  terms  of  crystal  structure  analysis.  The  lithium  insertion  is  accompanied  with  a  continuous  slight  increase  in  the  unit-cell 
volume.  x  =  0.5  is  the  maximum  composition  above  which  Li+  insertion  should  be  accompanied  with  a  modification  of  the 
Li4Si04-based  structure. 
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1.  Introduction 


Over  the  past  twenty  years,  Li4Si04-based  materials 
have  been  extensively  studied  as  possible  solid  elec¬ 
trolytes  for  high-temperature  solid-state  devices.  Li4Si04 
itself  is  a  poor  ionic  conductor  (a-300 .c=  10-5  S  cm-1) 
[1,2].  Several  works  have,  however,  demonstrated  that 
the  ionic  conductivity  of  this  family  of  orthosilicates 
can  be  greatly  enhanced  by  substituting  lithium  and / 
or  silicon  for  trivalent  cations  M3+  (M  =  A1,  Ga,  B) 
[3-7],  At  this  point,  two  major  substitution  mechanisms 
should  be  considered:  (i)  the  creation  of  additional 
lithium  vacancies  or  (ii)  the  introduction  of  extra  Li 
ions  in  the  structure. 

Substitution  on  to  the  lithium  sites  leads  to 

Li4_3yM>,Si04  compositions  on  the  join  Li4Si04- 
LiMSi04  where  y<  0.6  and  y<  0.25  for  M  =  A1  and  Ga, 
respectively  [3,4]. 

Substitution  on  to  the  silicium  sites  leads  to 

Li4+xMxSij_x04  compositions  on  the  join  Li4Si04— 
Li5M04.  The  Li4Si04-based  Li4+xMxSi]_x04  solid  so¬ 
lutions  were  found  to  extend  up  to  x  =  0.4  and  x-0.3 
for  M=A1  and  Ga,  respectively  [5,6].  Recently,  Saito 
et  al.  [7]  also  studied  the  boron-substituted  solid  solution 
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and  found  a  surprisingly  high  solubility  limit  of  jc=0.7, 
as  well  as  a  very  particular  evolution  of  the  6-lattice 
parameter  with  increasing  x.  Additionally,  they  report 
detecting  the  systematic  presence  of  Li2C03  impurity 
in  the  solids  obtained  from  starting  compositions  in 
which  Jt>0.5. 

Recent  works  have  been  devoted  to  determine  the 
crystal  structures  of  several  compositions  within  those 
solid  solutions  which  were  expected  to  provide  a  useful 
insight  into  their  high  cation-transport  properties  [8,9]. 
Several  explanations  have  been  proposed  to  account 
for  this  phenomenon.  These  include  such  hypotheses 
as  an  increase  in  the  charge-carriers  concentration  [10], 
an  increase  in  the  hopping  rate  [7],  or  the  presence 
of  impurity  phases  such  as  LiOH,  which  was  found  to 
coexist  with  lithium  silicoaluminates  Li4+xAlxSi!_x04, 
forx=0.2  andx  =  0.3  [11], 

Thus,  we  present  in  this  paper  our  recent  re-inves¬ 
tigation  of  the  boron-substituted  solid  solution.  We 
describe  the  different  routes  investigated  for  the  syn¬ 
thesis.  Additional  attention  is  also  given  to  studying 
the  effect  of  the  surrounding  atmosphere  on  impurity 
formation  during  the  firing.  Previously  reported  crystal 
structures  of  Li4Si04  [12-14]  are  also  closely  examined; 
we  conclude  that  there  is  a  maximum  composition  in 
the  solid  solution  ofx= 0.5,  above  which  the  introduction 
of  extra  lithium  ions  should  be  accompanied  with  a 
change  in  the  Li4Si04  structure. 
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2.  Experimental 

LL^B^Sij  _jf04  compounds  were  prepared  from  re¬ 
agent  grade  H3B03,  Si02  and  either  Li0HH20  or 
Li2C03.  Intimate  stoichiometric  mixtures  were  placed 
in  an  A1203  crucible  or  a  gold  foil  boat  and  fired  at 
alternate  intervals  between  500  and  850  °C.  Platinum 
crucibles  could  not  be  used  as  they  were  systematically 
attacked  by  Li20,  resulting  in  a  significant  formation 
of  yellowish  green  Li2Pt03  powder.  The  samples  ob¬ 
tained  were  stored  in  an  argon-filled  glove  box  to  avoid 
hydration  and  carbonation.  The  different  phases  oc¬ 
curring  in  the  samples  were  identified  by  their  X-ray 
diffraction  (XRD)  patterns,  recorded  up  a  Rigaku  Ro¬ 
tating  Anode  diffractometer  (Cu  Ka).  The  U4+jrBxSi1  _x- 
04  compounds’  patterns  were  indexed  using  the  Vol- 
lenkle’s  unit  cell  (monoclinic,  space  group  P2Jm)  [12]. 
For  precise  lattice  parameters  determinations,  the  d- 
spacing  values  were  corrected  from  systematic  deviation 
by  using  silicon  as  an  internal  standard.  Thermal  gra¬ 
vimetry  (TG)  and  differential  thermal  analysis  (DTA) 
experiments  were  performed  on  a  Rigaku-TG8101D 
thermal  analyzer  in  an  ambient  atmosphere.  Samples 
of  about  30  mg  placed  in  golden  crucibles  were  heated 
to  Jmax  =  750  °C  at  a  heating  rate  of  10  °C/min. 

3.  Chemical  syntheses 

Our  first  determination  was  that  the  atmosphere  in 
which  the  samples  were  fired  had  a  major  influence 
on  impurity  formation,  particularly  for  lithium-rich  com¬ 
positions. 

3.1.  Synthesis  in  an  ambient  atmosphere 

Li4Si04  was  obtained  from  a  stoichiometric  mixture 
of  Si02  and  LiOH-H20.  In  the  first  stage,  the  mixture 
was  slowly  heated  to  T  ==500  °C  to  remove  H20,  which 
occurs  in  two  steps  as  demonstrated  by  DTA  and  TG 
experiments  (Fig.  1).  Similar  observations  have  also 
been  reported  by  Smaihii  et  al.  [11]  for  an*  =  0.3  lithium 
silicoaluminate  Li4.3Alo3Sio.7O4  powder.  Dehydration 
occurs  at  100  °C,  leading  to  a  mixture  of  unreacted 
Si02  and  LiOH  below  400  °C.  The  two  endothermic 
peaks  at  T=422  and  467  °C,  respectively,  can  be 
attributed  to  the  decomposition  of  LiOH  which  melts 
at  475  °C  [15].  The  second  stage  consisted  of  three 
successive  thermal  treatments  of  about  10  h  each  at 
800  °C,  with  alternating  intervals  of  cooling  from  750 
°C  to  room  temperature  and  grinding  to  fine  particles. 

Several  attempts  have  been  made  to  synthesize  pure 
compositions  in  the  Li4+xBxSi1_x04  solid  solution  by 
varying  the  firing  temperature  (670,  750  and  850  °C), 
by  varying  the  firing  times  (up  to  80  h),  or  by  using 
different  starting  materials  (LiOHH20,  Li2C03, 
Li4Si04).  The  major  problem  is  the  reaction  of  Li20 


Fig.  1.  Thermogravimetric  (TG)  and  differential  thermal  analysis 
(DTA)  curves  of  the  dehydration  of  an  initial  mixture 
4LiOH  •  H20  +  Si02.  Firing  up  to  800  °C  under  ambient  atmosphere. 
Sample  mass  =  36  mg.  Heating  rate  =  10  °C  min”1. 


.ji _ Li _ Jl _ li 

juAl — 

)JLui 


JlA 


26/ dag.  (CuKo) 

Fig.  2.  X-ray  diffraction  patterns  of:  (a)  LU.iBo.aSio.sO^  (b)  initial 
composition  jc  =  0.2  fired  at  670  °C,  and  (c)  Li4Si04.  Extra  peaks: 
(□)  LijBOi,  and  (•)  Lij^C.-AO,. 


with  the  0O2  of  the  atmosphere,  which  leads  to  the 
formation  of  Li2C03.  At  670  °C,  significant  amounts 
of  L13BO3,  Li2C03  and/or  Li2+JrCi  -,BX03  compositions 
are  detected  (Fig.  2),  the  quantity  of  which  is  clearly 
related  to  the  value  of  x  in  the  starting  mixture.  The 
solubility  of  boron  in  the  Li4Si04  structure  is  higher 
at  750  °C,  as  demonstrated  by  the  absence  of  Li3B03, 
but  Li2C03  and/or  Li^C^B/T,  are  still  detected. 
At  850  °C,  we  obtained  Li4+^BjrSi1_x04  compositions 
exempt  from  Li3B03  or  Li2C03,  up  to  x  =  0.2  only,  by 
using  Li4Si04,  LiOH  •  HzO  and  H3B03  as  starting  ma¬ 
terials.  Prolonged  thermal  treatments  were  unsuccessful 
and  led  to  the  formation  of  Li2Si03  due  to  an  excessive 
volatilization  of  LizO. 


3.2.  Synthesis  in  a  C02-free  atmosphere 

A  second  series  of  experiments  was  carried  out  by 
firing  the  mixtures  at  850  °C  in  an  argon  atmosphere. 
H3B03,  SiOz  and  LiOH  HzO  (A-method)  or  Li2C03 
(B-method)  were  used  as  starting  materials  for  initial 
compositions  with  0<x<0.7.  Under  these  conditions, 
there  is  no  Li2C03  impurity  formation.  Thus,  depending 
on  the  firing  time,  the  major  extra  phases  coexisting 


C.  Masquelier  et  al.  /  Journal  of  Powe 


Fig.  3.  Volume  of  the  unit  cell  as  a  function  of  x  in  the  Li4+^B,Si,_jr04 
solid  solution. 
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Fig.  4.  DTA  curves  recorded  between  300  and  750  °C  for:  (A) 
Li4.3Bo.3Sio.7O4  obtained  from  LiOH  •  H20;  (B)  Li4jBo.3Sio.7O4  obtained 
from  LijCOj;  (C)  Li„Si04  +  3%  LiOH,  and  (D)  pure  Li4Si04. 

with  the  solid-solution  compounds  are  Li3B03  and 
Li2Si03.  After  a  thermal  treatment  of  10  h  at  850  °C, 
initial  mixtures  of  0<*<0.5  lead  to  solids  which,  from 
XRD  patterns,  appear  to  be  pure  solid-solution  com¬ 
pounds.  A  systematic  shift  towards  the  small  angles  of 
the  XRD  peaks  is  observed  as  *  is  increased,  which 
corresponds  directly  with  the  evolution  of  the  unit-cell 
volume  with  x  as  shown  in  Fig.  3.  For  starting  com¬ 
positions  of  *>0.5,  the  solid  solution  is,  without  ex¬ 
ception,  accompanied  with  significant  amounts  of 
Li3B03  and/or  Li2Si03.  From  this  observation,  we  con¬ 
clude  that  the  solubility  limit  of  boron  in  the  LiSi04- 
based  solid  solution  is  *<0.5. 

4.  Thermal  analysis 

DTA  experiments  were  performed  on  Li4Si04  and 
Li4+4BxSij  _x04  compositions  in  an  ambient  atmosphere. 
A  selection  of  the  obtained  data  is  presented  in  Fig. 
4.  The  thermal  evolution  of  pure  Li4Si04  (curve  (D) 
is  characterized  by  three  reversible  peaks  at  T =597, 
657  and  720  °C,  with  a  small  hysteresis  upon  cooling. 
This  agrees  with  the  previous  results  reported  by  West 
and  Glasser  [16]  who  suggested  the  existence  of  a 
polymorphic  transition  between  a  ‘low-temperature’  and 
a  ‘high-temperature’  form  of  Li4Si04.  Fig.  4  also  shows 


the  thermal  evolution  of  two  Li4  +ASi,  _x04  compo¬ 
sitions  where  *  =  0.3,  prepared  using  the  A-  and  B- 
methods  described  above.  For  both  samples,  small 
thermal  effects  are  also  detected  between  650  and  730 
°C  but  they  are  either  more  diffuse  or  smaller  than 
those  for  pure  Li4Si04.  An  additional  peak  at  T =418 
°C  is  observed  for  the  A-samples  (prepared  via 
Li0H-H20),  which  we  attribute  to  the  presence  of 
unreacted  LiOH  within  the  material.  A  similar  peak 
can  be  observed  on  the  curve  (C)  obtained  from  pure 
Li4Si04  to  which  small  amounts  of  LiOH  (3%)  were 
deliberately  added.  These  observations  are  of  impor¬ 
tance,  as  the  presence  of  LiOH  impurity  phase  was 
earlier  reported  to  enhance  notably  the  ionic  conduc¬ 
tivity  of  Li4+jrAlrSi,_A04  [11]  or  Li5A104  [17]  materials. 
B-samples  prepared  in  an  argon  atmosphere  do  not 
show  such  thermal  effects,  but  it  is  noteworthy  that 
additional  firing  in  an  ambient  atmosphere  or  exposure 
to  the  moisture  in  the  air  also  results  in  LiOH  formation. 

5.  Lithium  insertion  into  the  Li4Si04  structure 

The  crystal  structure  of  the  low-temperature  form 
of  Li4Si04  has  been  previously  described  by  three 
different  research  groups  [12—14].  Li4Si04  crystallizes 
in  the  monoclinic  system,  space  group  P2}  lm  and  consists 
of  isolated  Si044  "  tetrahedra  and  Li +  ions,  which  occupy 
the  interstitial  space.  It  was  first  described  by  Vollenkle 
et  al.  [12]  as  a  disordered  structure  at  room  temperature 
in  which  the  Li+  ions  partially  occupy  she  independent 
crystallographic  sites.  On  the  Li(l)  to  Li(4)  sites,  the 
Li+  ions  are  tetrahedrally  coordinated  by  oxygen  atoms 
while  they  are  five  and  six-coordinated  on  Li(5)  and 
Li(6)  sites,  respectively.  Three  of  the  lithium  sites  are 
in  general  position  4/Li(l),  Li(4)  and  Li(5)).  The  others 
are  in  special  positions  2e  (Li(2),  Li(3)  and  Li(6)). 
Tranqui  et  al.  [13]  demonstrated  that  Li4Si04  can  also 
exist  in  an  ordered  form  with  a  supercell  seven  times 
larger  due  to  the  necessity  of  an  ordered  distribution 
of  the  Li+  ions.  The  ratio  ‘occupied  sites/total  available 
sites’  for  each  set  of  lithium  sites  are  given  in  Table 
1,  along  with  the  distances  between  neighboring  lithium 
positions  in  the  description  by  Baur  and  Ohta  [14], 
The  importance  of  this  lies  in  the  fact  that  neighboring 
lithium  positions  are  very  close  to  each  other  (from 
1.02  to  2.06  A)  and,  thus,  cannot  be  totally  simulta¬ 
neously  occupied  (Fig.  5).  Therefore,  for  each  of  these 
lithium-pairs,  the  summation  of  the  occupancy  rates 
should  not  exceed  unity.  This  allows  us  to  calculate 
the  maximum  number  of  extra  Li+  ions  which  can  be 
incorporated  into  the  Li4Si04  structure.  It  is  obvious 
then,  that  the  maximum  occupancy  rate  rmax  of  both 
Li(4)  and  Li(5)  sites  is  equal  to  0.5,  because  of  the 
proximity  of  two  symmetrically  related  sites  (Li(4)-Li(4') 
or  Li(5)-Li(5').  Assuming  that  these  occupancies  are 
effectively  equal  to  0.5,  this,  for  the  same  reason,  leads 
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Table  1 

Occupancy  factors  and  distances  between  neighboring  lithium  sites 


Lithium 

CN  a 

Position  rb 

[13] 

Lithium-lithium 
distances  (A) 

[14] 

Sum 

Li(l) 

4 

4/ 

4/7 

Li(4) 

1.18 

1 

Li(5) 

1.64 

6/7 

Li(6) 

1.95 

1 

Li(6) 

2.05 

1 

Li(2) 

4 

2e 

4/7 

Li(3) 

1.16 

1 

Li(4) 

1.85 

1 

Li(3) 

4 

2e 

3/7 

Li(2) 

1.16 

1 

Li(5) 

1.65 

5/7 

Li(6) 

.  2.01 

6/7 

Li(4) 

4 

4/ 

3/7 

Li(l) 

1.18 

1 

Li(2) 

1.85 

1 

Li(4) 

1.95 

6/7 

Li(5) 

5 

4/ 

2/7 

Li(l) 

1.64 

6/7 

Li(3) 

1.65 

5/7 

Li(5) 

1.02 

4/7 

Li  (6) 

6 

2e 

3/7 

Li(l) 

1.95 

1 

Li(l) 

2.06 

1 

Li(3) 

2.01 

6/7 

*  CN  -  coordination  number. 

b  r- occupied  sites/available  sites  in  the  superstructure  description 

[131- 


ionic  conductivity  of  Li4Si04  which  occurs  when  silicon 
is  substituted  with  trivalent  cations  M3+  (M  =  A1,  Ga, 
B),  leading  to  compounds  of  the  general  formula 
Li4+jrMjrSi1_x04.  From  this  work,  devoted  to  the  boron- 
substituted  compounds,  it  appears  that  the  atmosphere 
in  which  the  synthesis  is  carried  out  has  a  major  influence 
on  Li2C03  and/or  LiOH  impurities  formation.  The 
presence  of  these  extra  phases  may  have  a  major  role 
in  enhancing  the  ionic  conductivity,  as  was  previously 
demonstrated  by  Smaihi  et  al.  [11]  for  Li4+JtAUSi!_404 
and  Johnson  et  al.  [17]  for  Li5A104  materials.  The  Li 
insertion  mechanism  is  also  considered  here  from  which 
we  demonstrate  that  there  is  a  theoretical  upper  limit 
of  jc=0.5  above  which  Li+  ions  cannot  be  introduced 
without  a  modification  of  the  Li4Si04-based  structure. 
Conductivity  measurements  and  crystal  structure  de¬ 
terminations  of  various  compositions  are  now  under 
investigation  and  will  be  reported  in  a  forthcoming 
paper. 
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Fig.  5.  Partial  representation  of  the  lithium  sites  positions  in  Li4Si04 
(12],  Distances  between  neighboring  lithium  sites  are  given  in 
Table  1. 

to  the  conclusion  that  rmax  =  0.5  for  Li(l),  Li(2)  and 
Li(3).  Moreover,  if  r(Li(l))  =  0.5,  Tmax  (Li(6))  is  also 
equal  to  0.5.  The  maximum  amount  of  Li+  ions  can, 
therefore,  be  calculated  by  also  taking  into  account  the 
multiplicity  of  each  site.  If  r=0.5  for  each  of  them, 
this  supposes  9  Li+  ions  per  unit  cell,  thus,  4.5  Li+ 
ions  per  X04  tetrahedra.  This  suggests  that 
Li45B05Sio504  is  the  maximum  composition,  above 
which  Li+  insertion  cannot  occur  without  a  modification 
of  the  Li4Si04-based  structure. 

6.  Conclusions 

This  study  was  first  commenced  in  order  to  provide 
a  better  understanding  of  the  sharp  increase  in  the 
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